Composition and stress state of thin films deposited by ion beam sputtering. by Castellano, Robert Nicholas
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1975
Composition and stress state of thin films
deposited by ion beam sputtering.
Robert Nicholas Castellano
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Chemistry Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Castellano, Robert Nicholas, "Composition and stress state of thin films deposited by ion beam sputtering." (1975). Theses and
Dissertations. Paper 1807.
COMPOSITION AND STRESS STATE 
OF THIN FILMS DEPOSITED BY ION 
BEAM SPUTTERING 
by 
Robert Nicholas Castellano 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
the Department of Chemistry 
Lehigh University 
1976 
ProQuest Number: EP76079 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76079 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This thesis is accepted and approved in partial 
fulfillment of the requirements for the degree of Master 
of Science. 
d//& (date) 
Professor in Charge 
Chairman of- Department 
- 11 - 
ACKNOWLEGMENTS 
The author is indebted to Dr. M. Notis and 
Dr. G. Simmons for their support and encouragement in 
this work.  Also to Dr. R. C. Sundahl for his helpful  < 
comments and suggestions for this manuscript and to 
Dr. R. C. Sun for many stimulating discussions.  The 
author thanks D. R. Wonsidler and R. J. Holmes for their 
invaluable assistance in electron microprobe and x-ray 
diffraction analyses. 
- 1x1 - 
TABLE OF CONTENTS 
Page 
Title Page i 
Certificate of Approval ii 
Acknowledgments iii 
Table of Contents iv 
List of Tables                     * v 
List of Figures vi 
Abstract 1 
Introduction 3 
Experimental Procedure 5 
A. Ion Deposition System 5 
B. Substrate-Target Geometry 6 
C. Film Purity and Composition 9 
D. X-Ray Measurements 10 
E. Temperature-Thickness-Resistivity 11 
Measurements 
F. Stress Measurements 11 
Results and Discussion 13 
A. Film Purity and Composition                g, 13 
B. X-Ray Measurements 15 
C. Temperature Measurements 16 
D. Deposition Rate 16 
E. Resistivity 19 
.F'-.'  Stress 21 
Conclusion 26 
References 59 
Biography 62 
- iv - 
LIST OF TABLES 
Table 1       Electron Microprobe Analysis of 
Thin Films 
Table 2       Deposition Rate 
Table 3       Electrical Resistivity 
Page 
31 
32 
33 
- v - 
LIST OF FIGURES 
Page 
Figure 1       Photograph of Ion Beam Milling 34 
System 
Figure 2       Schematic of Ion Gun 35 
Figure 3       Diagram of Target-Substrate 36 
Geometry 
Figure 4       Sputter Yield vs Target Angle for        37 
Au and Ni 
Figure 5      Ni-.A1 Target Configuration 38 
Figure 6       Photograph of Rotating Substrate        39 
Holder 
Figure 7       Schematic of Optically-Levered 40 
Laser Beam Technique 
Figure 8       Phase Diagram of Al-Ni System 41 
Figure 9       Substrate and Target Temperatures        42 
vs Time at Various Ion Beam 
Current Densities 
Figure 10      Thickness vs Time for Ni 43 
Figure 11      Thickness vs Time for Ni^Al 44 
Figure 12      Deposition Rate vs Ion Beam 45 
Current Density for Ni 
Figure 13     Angular Variation of Film Thickness      46 
Figure 14"     Electrical Resistivity vs Substrate      47 
Angle for Au 
Figure 15      Stress vs Substrate Angle for Al 48 
(0.5 mA/cm ) 
Figure 16      Stress vs Substrate Angle for Al 49 
(0.8 mA/cm ) 
Figure 17      Stress vs Substrate Angle for Ni 50 
(0.5 mA/cm ) 
- vi - 
Page 
Figure 18      Stress vs Substrate Angle for Ni 51 
(0.8 mA/cm ) 
Figure 19      Stress vs Thickness for Ni 52 
Figure 20      Stress vs Substrate Angle for Au        53 
Figure 21      Stress vs Thickness for Ni~Al 54 
(0.5 mA/cm ) 
Figure 22      Stress vs Thickness for Ni_.Al 55 
(0.8 mA/cm ) 
Figure 23      Stress x Thickness vs Thickness 56 
for Ni3Al (0.5 mA/cm ) 
Figure 24      Stress x Thickness vs Thickness 57 
for Ni3Al (0.8 mA/cm ) 
Figure 25      Stress x Thickness vs Thickness 58 
for Ni and Au 
- vn - 
ABSTRACT 
Several properties of ion beam sputtered Ni, Al, 
Ni-.Al, and Au thin films have been evaluated as a function 
of ion beam current density, target material, and the 
angle and distance of the substrate from the target. 
From x-ray diffraction measurements, the Al thin 
films were observed to be highly oriented with the 111 
plane parallel to the surface of the Si-SiO- substrate. 
Ni3Al films, deposited from a composite target of Ni and 
Al, were found to have a composition of Al ^25.5 +1.0 
atomic percent and Ni ^74.5 +1.0 atomic percent as 
determined by electron microprobe analysis.  From x-ray 
diffraction analysis, the Ni~Al films were observed to 
be single phase, highly oriented with the 111 plane 
parallel to the surface of the substrate. 
The intrinsic stress was observed to increase 
with increasing thickness for Ni to a maximum level of 
9 -2        o '' 8x10  dynes cm   at 2000A thickness.  For Ni_Al films, * 
■J       'x-- .'.*••■• 
the stress was observed to decrease with increasing thick- 
ness to 7.8 x 10  dynes cm   at 6000A thickness for__films 
2 deposited at an ion beam current density of 0.5 mA/cm , 
9 -2        o 
and to 7.0 x 10  dynes cm  at 9000A thickness for films 
2 deposited at 0.8 mA/cm .  As the substrate angle was 
increased, the Al films were found to become increasingly 
susceptible to oxidation with an associated decrease in 
/' 
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tensile stress and the stress then transforming to a com- 
pressive stress.  These experimental results are discussed 
in light of several models proposed to explain the origin 
of stress in thin films. 
The deposition rate was determined to be a 
linear function of ion beam current density.  The grain 
size of the films was found to decrease with increasing 
substrate angle and to increase with higher ion beam 
current density. 
The electrical resistivity was found to increase 
with increasing substrate angl.e.  This was attributed to 
increased grain boundary scattering from the smaller grain 
size of the films, and to increased oxidation of the Al 
films. 
The ion beam sputtering technique offers several 
advantages over conventional sputtering systems.  Since 
the target and substrate are not in a plasma environment, 
as with d.c. and r.f. sputtering, several operating 
parameters (deposition rate, angle of deposition, tempera- 
ture) that can affect thin film properties can be varied 
easily and independently. 
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INTRODUCTION 
Little research has been done which details the 
physical principles and technology underlying thin film 
preparation with a focused ion beam sputtering tech- 
1-4' 
nique.     In this novel method, a modification of ion 
beam milling, material sputtered from one surface is de- 
posited on another as a thin film.  A plasma is generated 
in an ion gun and a collimated beam of energetic ions is 
accelerated at high potential toward the target.  The 
plasma is contained in the ion gun so that the sample is 
not in a plasma environment.  As a result, operating 
parameters (deposition rate, angle of deposition, 
temperature) that can effect thin film properties can be 
varied easily and independently.  In addition, the sub- 
strate and target are at ground potential so that second- 
ary electrons from the target are not accelerated to high 
energy, thus reducing heating of the substrate. 
5 
In contrast, normal sputtering techniques 
suffer several limitations which can effect film proper- 
ties:  (1) 75-90% of the energy of the bombarding ions is 
dissipated in the form of heat.  As a result, substrates 
must be clamped to a water cooled holder.  It is diffi- 
cult to maintain good heat transfer between the holder and 
the substrate so that the substrate surface temperature 
can get as high as 250°C.  (2) The system operates at 
- 3 - 
10   Torr compared with 10   Torr for ion beam sputtering. 
At this higher pressure, the likelihood of residual gas 
incorporation into the film is increased.  (3) The plasma 
is generated between the target and substrate.  In order 
that the plasma is sustained, the angle of deposition 
cannot be readily varied. 
1 5 Thermal evaporation  offers the advantage of 
low pressure deposition so that films of high purity and 
low gas incorporation are obtained.  However, films of 
high melting point materials and alloys with correct 
stoichiometry are difficult to make. 
The purpose of this study is to evaluate the 
properties of thin films prepared by the ion sputtering 
technique.  Thin films of Ni, Al, Ni-.A1, and Au have 
been prepared by this technique.  Several properties of 
the thin films have been evaluated including:  (1) in- 
trinsic stress, resistivity, and purity as a function of 
target material, ion beam current density, and the angle 
(6 ) and distance (d ) of the substrate from the target, 
(2) alloy composition as a function of target material 
and current density, and (3) crystal structure and grain 
size as a function of target material and substrate angle 
The deposition rate has been evaluated as a function of 
time, current density, target material, 6 , and d„. 
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These results are compared with published data on films 
deposited by conventional deposition systems (evaporation, 
d.c. and r.f. sputtering). 
EXPERIMENTAL 
Ion Deposition System 
The ion beam sputtering system  shown in Fig- 
ure 1 consists of a liquid N„ trapped, diffusion pumped, 
vacuum system, D.C. power supply, and ion gun.  The vacuum 
chamber measures 30 cm in diameter x 45 cm high and the 
ion gun measures 2 0 cm in diameter x 20 cm long.  The ion 
gun shown schematically in Figure 2, is a low voltage 
7 
Kaufman design whereby electrons from a heated filament 
are accelerated to the anode and ionize a noble gas such 
as argon while in route.  A magnetic field inside the gun 
deflects the electrons in a cycloidal path for increased 
collision and ionization.  Nearly monoenergetic argon 
ions are then ejected from the gun by an ion extraction- 
focusing system and a collimated accelerated ion beam, 
5.5 cm in diameter, is produced.  A heated filament at 
ground potential between the gun and target supplies low 
energy electrons to the target, space-charge neutralizing 
the beam, and preventing positive charge buildup on insu- 
lators.  The target is contained in the vacuum chamber at 
ground potential so that secondary electrons ejected from 
the target are not accelerated to high energy, thus 
- 5 - 
reducing heating of the substrate.  By a momentum transfer 
mechanism, an atom on or near the surface of the target 
is ejected, provided the energy transferred to the atom 
in the collision process exceeds the chemical binding 
energy of that atom and that the momentum imparted to the 
atom is directed away from the surface. 
Operational parameters of the system are vari- 
able; the ion beam current densities, measured with a 
<■ 2 
Faraday cup, range from 0.1 mA to 1.0 mA/cm  at acceler- 
ating voltages of 150-3000 volts.  The operational pres- 
sure of Ar inside the vacuum chamber is typically 7x10 
Torr after an initial pumpdown to 2x10   Torr.  The mean 
free path at this pressure is approximately 250 cm, large 
compared to the gun-target distance of 10 cm.  Little 
scattering of the impinging ions occurs so that a well- 
collimated beam results. 
Target-Substrate Geometry 
The target-substrate geometry is shown in 
Figure 3.  The target is inclined at an angle of 45° with 
respect to the gun at a distance of 7.5 cm to the closest 
point of the target (point A).  This target angle (9.) is 
g 
an average of the maximum yield for Ni and Au (Figure 4). 
The angular dependence of removal rate of target material 
is due to the fact that after a collision of an incident 
ion with a surface atom, the probability that the ejected 
- 6 - 
atom acquires a momentum vector away from the sample sur- 
face increases from 90° to 0°.  At lower angles less 
directional change is necessary for ejection.  For bom- 
bardment of the surface under normal incidence, more than 
pne collision is necessary for the atom to be ejected 
because the momentum vector must be changed by 90°.  At 
grazing incidence, an increased number of impinging atoms 
are merely reflected from the sample surface, lowering the 
removal rate. 
The circular ion beam impinging on a target 
inclined at 45° prescribes an elliptical area of bombard- 
ment.  The target is therefore rectangular, measuring 
11.5 cm x 15 cm, to assure that the entire beam hits the 
target.  Bulk Al and Ni plates of 99.99% purity and 
electron beam-evaporated Au on a copper plate have been 
used as targets in this study.  The Ni~Al is a composite 
target consisting of Ni foil epoxy-bonded to an Al plate 
in a wedge-shaped configuration of alternating Ni-Al 
wedges meeting at the center of the plate as shown in 
Figure 5.  This windmill shape is necessary because of 
the Gaussian profile of the beam with respect to ion cur- 
rent.  The ion current is highest at the center of the 
beam and decreases radially towards the edge.  Measure- 
ments by means of a Faraday cup indicate that the ion cur- 
rent decreases 10% at a distance of 3 cm from the center 
of the beam and 20% 4 cm from the center.  The wedge 
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shaped configuration compensates for this non-uniformity. 
The composition of the target was estimated from the ratio 
of the relative areas of Ni and Al on the target, the 
deposition rates of Ni and Al determined in this study, and 
the beam uniformity.  All targets were ion milled just prior 
to deposition to remove surface contaminants and then 
allowed to cool to room temperature.  Because of the high 
free energy of formation of Al„0_ (90.1 k Joules mole  ), 
a dense oxide film formed on the Al target which was diffi- 
cult to remove.  Therefore, a mechanical shutter placed 
between the Al target and substrate during a 10 minute pre- 
deposition cleaning. 
The substrate holder shown in Figure 6 is 
placed under the target and is variable with respect to 
position and angle of inclination.  The 5 cm diameter disk 
is recessed to accommodate 3.8 cm x 0.03 cm silicon sub- 
strates.  The substrate rotates at 150 rpm to assure film 
thickness uniformity, which in all cases is + 2% across 
the 3.8 cm diameter substrate.  For all films made in this 
study, the angle of incidence of the substrate with 
respect to the target was 0° (parallel), 15°, 30°, and 
45° and the target-subtrate distance at point A was main- 
tained at either 12.5 cm or 15.0 cm.  This means that as 
the angle of inclination varies from 0° to 45°, the target- 
substrate distance measured at point B decreases to a dis- 
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tance of 5.7 cm or 8.3 cm.  The substrates are (100) ori- 
ented silicon wafers  coated with 5000A of thermally grown 
Si02 to prevent any epitaxy of the deposited film.  The 
plates are held solely by gravity since any mechanical 
clamp will interrupt film deposition and change the stress 
field.  Prior to deposition, the plates were cleaned in 
trichloroethylene and ultrasonically agitated Freon TF, 
boiling aqua regia, rinsed in D.I. water, placed in boiling 
70% hydrogen peroxide, rinsed in D.I. water, and dried in 
a stream of filtered nitrogen. 
Film Purity and Composition 
The purity of thin films of Ni and Ni^Al de- 
•»* 
posited at 6  =0° and Al at 0  =0° and 45° were measured 
^ s s 
by means of electron microprobe analysis.    In addition 
the composition of the Ni-.Al measured at several spots on 
the films was determined by this technique.  The electron 
microprobe microanalyzer is a non-destructive technique 
capable of analyzing micron-size areas up to 1 ym in 
thickness.  An electron beam of 1-10 ym impinges upon the 
area of interest and excites it to emit x-rays charac- 
teristic of the elements present.  Spectrometers and 
detectors are built into the instrument to select and mea- 
sure the intensity of the characteristic radiation.  This 
data is fed into a computer where weight percent and 
atomic percent are generated.  All elements with atomic 
- 9 - 
numbers of 3 or greater can be detected with sensitivity 
up to 0.001%. 
The oxygen content of the films was measured 
with the electron microprobe and by Auger electron spec- 
trometry (AES).    In the case of AES, an electron beam 
impinging on the area of interest excites it to eject 
secondary electrons.  If an inner shell vacancy (K, L, or 
M) is created by a primary electron, an outer shell elec- 
tron will fall into this hole.  In the case of an Auger 
process, the recombination energy is carried away by 
another electron with energy characteristic of the ele- 
ments of interest.  This technique permits analysis of 
the outer atomic layers of the sample (3-20A).  All ele- 
ments with atomic numbers of 3 or greater can be detected 
with sensitivities on the order of 0.1%.  Depth profiling 
was done on aluminum films by removal of monolayers of the 
film with a small ion beam followed by AES analysis. 
X-Ray Measurements 
The crystalline structure of Al and Ni~Al thin 
12 films was measured using an x-ray diffraction analysis. 
Utilizing a crystal monochrometer with Cu Ka radiation, 
these thin film samples were scanned at 0.2°/min using a 
3° beam slit and a 0.02° receiving slit.  The grain sizes 
of Al thin films, prepared at various substrate angles 
were calculated from diffraction peak broadening measure- 
ments. 
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Temperature-Thickness-Resistivity Measurements 
Target and substrate temperatures at various 
ion beam current densities were measured with an iron- 
constantan thermocouple connected via vacuum feedthroughs 
to a digital thermometer.  The film thickness was deter- 
mined by chemically etching an unmasked section of each 
film in hot aqua regia and measuring the step height with 
13 
a profilometer.    Sheet resistance measurements were made 
14 
with a 4 point probe;   when multiplied by the film thick- 
ness, the resistivity in y ohm-cm was calculated. 
Stress Measurements 
The stress of thin films of Al, Ni, and Au as a 
function of substrate angle and of Ni and Ni.,Al as, a func- 
tion of thickness has been measured for films deposited 
2 2 
at current densities of 0.5 mA/cm  and 0.8 mA/cm  at "' 
accelerating voltages of 2.0 and 1.5 KeV respectively. 
These stresses can be responsible for film rupture, loss 
of adhesion, and substrate cracking.  Stresses in thin 
15 films consist of two major components;   thermal stress 
i 
due to the difference in coefficients of thermal expansion 
of the film and substrate, and intrinsic stress which is a 
fundamental result from the structure and growth of the 
thin film.  Intrinsic stress can be either compressive or 
tensile depending on the material and conditions during 
growth and is normally observed by a deformation of a thin 
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substrate. A compressive stress will bend the substrate 
so that the film surface is convex, and a tensile stress 
so that the surface is concave. 
The stress has been measured with an optically- 
levered laser beam technique.    A schematic diagram is 
given in Figure 7.  The wafer is translated across a 
He-Ne laser beam with the normal to the sample nearly 
parallel with the laser beam.  The radius of curvature 
of the plate induced by the stress of the film is then 
determined.  The contour of the substrate is measured 
prior to deposition to isolate information about the in- 
fluence of the film alone on the curvature of the wafer. 
The film stress can then be calculated by use of the 
15 equation: 
s =    
Ep2 (1) b
   6(l-y)Rt (±) 
12 
where E is Young's Modulus of the substrate (1.302 x 10 
_2 dynes cm   for (100) Si), y is Poisson's ratio of the sub- 
strate (.279), D is the thickness of the substrate 
-2 (3 x 10   cm), R is the radius of curvature induced in the 
substrate due to the stress in the film (in centimeters), 
and t is the thickness of the film in KA. 
The substrate is scanned in precise increments 
and the reflected laser beam position is detected by a 
photocell with a slit width of 0.05 cm that is connected 
- 12 - 
> 
to a micrometer.  The radius of curvature (R) can then be 
calculated by 
R = (2L) | (2) 
2 
where L = 2.24 x 10  cm is the distance between the sample 
and photocell, d is the total deflection of the laser beam 
at the photocell, determined with the micrometer, and x 
is the distance traversed across the wafer.  Since the 
surface of the bare substrate is often simultaneously 
convex and concave in different parts, it is necessary to 
measure the local radius of curvature at each point of 
incidence of the laser beam.  Thus equation 2 is modi- 
fied to: 
R = (2L) || (3) 
where Ax is the increment of beam scans across the sample 
(0.635 cm in this study) and Ad is the change in reflec- 
tion of the laser beam (measured on the micrometer) for 
each value of Ax.  Substituting all constants into equa- 
tion 1 we obtain: 
_,,       -2,   2.57X1011 x Ad ... S (dynes cm  ) = r (4) 
RESULTS AND DISCUSSION 
Film Purity and Composition 
Electron microprobe analysis has been used to 
determine film purity.  This data is listed in Table 1. 
- 13 - 
The source of the impurities Fe, Mn, Cr, and Ni is 
attributed to the sputtering by the primary beam of the 
stainless steel Faraday cup that is used to monitor the 
current density of the ion beam.  A small amount of Al 
contamination also comes from a sputtering of the walls 
of the ion gun.  No oxygen was detected in the films at 
9  =0°.  However, the oxygen content of films deposited 
at 6  =45° varies between 0.24 to 2.74 atomic percent 
s ^ 
for several Al samples.  The latter films are visually 
17 dull in appearance.  Hill and Hoffman   have noted that 
oblique incidence of deposition yields a more porous film 
which is highly sensitive to deposition conditions and 
susceptible to adsorption effects.  Also, the oxidation 
may be associated with the bombardment of the film by the 
primary ion beam. 
18 The phase diagram   for the Al-Ni system is 
given in Figure 8.  The Ni~Al phase forms within the range 
of 72.5 to 77.0 atomic percent Ni although there are 
reported discrepancies as to the equilibria involving its 
19 20 formation and homogeneity.  '    Electron microprobe 
analysis gives a composition of Al ^25.5 +1.0 atomic 
percent and Ni ^74.5 +1.0 atomic percent measured on 
several samples at various spots on the film. 
- 14 
X-Ray Measurements 
The grain size of Al films as a function of sub- 
strate angle has been calculated by measuring the half- 
widths of line profiles of the x-ray diffraction peaks. 
21 The grain size is determined semi-empirically by 
n _ 57 . 3K A ,_. D
 ~ 6 cos e (5) 
where D is the grain size, K is a constant (close to 
unity,) which depends on the crystal plane corresponding 
to the peak measured, A is the wavelength of the x-ray 
source, $ is the half-width of the diffraction peak, and 
6 is the Bragg angle.  The Al films deposited in this study 
are highly oriented with the 111 plane parallel to the 
surface of the substrate.  Measuring the half-width of 
this (111) diffraction peak (20 = 38.5°), the grain size 
of films deposited at 0.5 mA/cm  at 6  =0° is 650A 
which decreases to 300S at 9    30° and 250A* at 6    45°. 
s s 
2 
At a current density of 0.8 mA/cm  at 6  = 45° the cal- 
culated grain size is 300A. 
Ni-.Al has a face-centered cubic structure of 
the Cu-Au type with a  = 3.561A.    The presence of this 
structure was confirmed by employing x-ray diffraction 
techniques.  The thin film was scanned from 2 0 = 10° to 
100°.  The only diffraction peaks obtained were at 
29 = 43.6° and 96° corresponding to the 111 and 222 
- 15 - 
planes.  This indicates that, as with Al, the film is 
highly oriented with the 111 plane parallel to the sur- 
face of the substrate.  No other phase or element was 
detected.  Measurement of the signal to noise ratio of 
the diffraction pattern (>20:1) suggests that the compo- 
sition of the film is at least 95% single phase Ni~Al. 
Temperature Measurements 
A substantial fraction of the energy of the 
primary bombarding ions is dissipated in the target in 
the form of heat.  At higher ion beam current densities 
(greater flux of impinging ions), more ions dissipate 
their energy in the target resulting in higher tempera- 
tures.  Target and substrate temperatures at various 
ion beam current densities are plotted in Figure 9.  For 
all values given, the thermocouple is in intimate contact 
with the back of the target and substrate at point A 
(Figure 3).  When the thermocouple is in contact with the 
substrate at point B (Figure 3), at 6  = 45° at an ion 
2 
beam current density of 0.5 mA/cm , the temperature is 
20°C higher than at point A.  This temperature rise is 
due presumably to the closeness to the target (radiation 
effect), and to a slight impingement by the primary beam. 
Deposition Rate 
The deposition rates vs time for Ni films de- 
2 
posited at a current density of 0.8 mA/cm  at 6  =0° and 
- 16 - 
for Ni_.Al films deposited at 0.5 mA/cm  at 6  =0° are 
plotted in Figures 10 and 11.  The linearity of the 
curves indicates that the effect of the increased temper- 
ature of the target and substrate (Figure 9) does not 
influence the rate of deposition. 
As shown in Figure 12, deposition rate is a 
linear function of current density and also found to be 
nearly independent of substrate angle.  However, for 
2 films deposited at 0.5 mA/cm  at 0  =45°, the rate de- 
creases by a factor of 4 for Al and 1.5 for Ni and Au. 
A plausible explanation of the decrease is the slight 
sputtering 'of the film by the primary ion beam. 
The deposition rates of all films evaluated in 
this study are listed in Table 2.  The values listed are 
2 
for films deposited at 6  = 0° at 0.5 and 0.8 mA/cm 
ion beam current density.  The deposition rates are 
related to the sputter yield of the target which is de- 
fined as the number of atoms ejected from the target per 
23 incident ion and given by: 
M M -10   4   /M 
-10 2 12 Ul      y x± S  =   4.2x10 noR E ,  exp( E   > (6) 
(M,+M2) 1  2 
where S is the sputter yield, n  is the number of atoms 
per unit volume of the target material, R is the collision 
diameter, E is the energy of the impinging ion, M, and M„ 
- 17 - 
are the mass of the ion and target atoms respectively and 
ED is the heat of sublimation. a 
The substrate-target geometry also determines 
the deposition rate and the collection efficiency of the 
available sputtered atoms.  By varying the target-substrate 
distance, the deposition rate decreases as the square of 
the distance of the substrate from the target (inverse 
square law).  The deposition rate (Rf) is therefore re- 
lated to the angle of the impinging ion beam (6,), the 
angle (0 ) and distance (d9) of the substrate from the 
target, and to the sputter yield (S), as previously dis- 
cussed, and also to the distance (d,) of the target from 
the ion source, substrate charging effects (z), and the 
sticking coefficient (C ) of the ejected target materi- 
al '   such that: 
Rf = f(et, es, d2, S, d1, Z, cs)       (7) 
Figure 13 shows the angular variation of film 
thickness indicating that the shape of the experimental 
curve fits nearly exactly to a cosine cubed distribution. 
The cosine cubed dependence may be attributed to the 
Gaussian distribution of current density of the ion beam. 
A cosine distribution is plotted for comparison.  This 
angular dependence has a nearly circular symmetry radially 
about the cosine lobe maximum.  The maximum film thick- 
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ness has been found to be normal to the center of the 
target (center of beam impingement).  This effect is 
independent of target material and ion beam current den- 
sity.  Neither the target nor substrate were in motion 
during these measurements. 
An interesting phenomenon occasionally observed 
in this study was the reflection of the primary ion beam 
off the Al target at an angle of approximately 15° to the 
normal of the target.  In all cases, the film was com- 
pletely eroded in an elliptical pattern 2.5 cm x 5.0 cm. 
This elliptical pattern is rotated 90° from the elliptical 
area of impingement of the target.  This was observed to 
24 be independent of current density.  Hagstrum   has studied 
the reflection of noble gas ions off tungsten surfaces in 
the energy range 0-1 KeV and has observed it also to be 
independent of energy.  Ion reflection appears to be a 
function of the condition of the target surface.  The 
phenomenon was only observed with Al and may be associated 
with the oxide layer on the surface, reducing the sputter 
yield and increasing the probability of reflection.  The 
lower deposition rate of Al films of 6  =45° could be 
attributed, in part, to this effect. 
Resistivity 
Average resistivity values of films deposited 
2 
at substrate angles of 0° and 45° at 0.5 and 0.8 mA/cm 
- 19 - 
current density are listed in Table 3 and compared to bulk 
resistivity values.  Films deposited at a current density 
2 
of 0.8 mA/cm have resistivities approximately 10% lower 
2 
than films deposited at 0.5 mA/cm .  These values are 
found to be generally independent of substrate angle. 
However, for Al films deposited at a current density of 
2 
0.5 mA/cm  at 9  =45°, resistivity values of approxi- 
2 
mately 140 y ohm cm are calculated.  At 0.8 mA/cm  cur- 
rent density, the resistivity is 35 y ohm cm.  When the 
substrate is lowered 2.5 cm so that the film is out of 
the path of the primary beam, the resistivity values of 
the films deposited at an ion beam current density of 
2 0.5 mA/cm  decreased to approximately 40 y ohm cm.  As 
17 previously mentioned, Hill and Hoffman   have noted that 
oblique incidence of deposition yield a more porous film 
which is highly sensitive to deposition conditions and 
susceptible to adsorption effects.  Since oxygen was de- 
tected in films deposited at 0  =45°, these impurity 
atoms may be responsible for the high resistivity of Al 
films deposited at this angle. 
The resistivity of Au thin films vs substrate 
angle is plotted in Figure 13.  A resistivity increase 
of 18% at 6  = 30° and 25% at 9  = 45° is noted, 
s s 
The electrical resistivity of thin films is due 
to the scattering conduction electrons by the high densi- 
- 20 - 
ty of lattice imperfections (vacancies, dislocations, and 
25 grain boundaries) normally found in thin films.    This 
explains the higher resistivity values of the thin films 
than the bulk metal.  In addition, the increased resist- 
ivity of Au films at oblique angles (Figure 13) is 
attributed to grain boundary scattering since, as pre- 
viously discussed, the grain size, of the films decreases 
at oblique angles of deposition. 
Stress 
The measured intrinsic stress of Al films as a 
2 2 function of substrate angle for 0.5 mA/cm  and 0.8 mA/cm 
is shown in Figure 15 and 16.  Nominal film thickness is 
4 000A for most samples.  For films deposited at 0.5 mA/cm 
and 0  = 45° the thickness is 1000A, as discussed above, 
s 
The negative sign represents tensile stress and the 
positive sign represents compressive stress.  In both 
cases, the stress reaches a maximum at 8  =15° and 
s 
becomes increasingly less tensile at more oblique angles 
as shown by the solid line.  The stress changes to com- 
2 
pression for films deposited at 0.5 mA/cm  at 30° and 45° 
2 
and at 45° for films deposited at 0.8 mA/cm .  When the 
substrate is lowered 2.5 cm at 6  = 30° and 45° to mini- 
s 
mize secondary electron bombardment and eliminate direct 
impingement by the primary beam, the stress values are all 
tensile and approximately independent of substrate angle 
- 21 - 
as shown by the dashed line.  The target-substrate mean 
distance is then essentially constant over all values of 
6 •  The magnitude of the stress values is identical to 
2 6 that reported by Rymer   for vacuum evaporated films. 
This compressive stress is probably due to the 
oxygen content measured in films, as previously noted. 
27 This is in agreement with Murback and Wilman   who found 
compressive stresses in Al films whenever the chamber 
-4 pressure exceeded 10   Torr during deposition.  Similarly, 
2 8 Halliday et al   observed compressive stress in Cu films 
aged in air resulting in Cu„0 formation.  As previously 
17 
mentioned, Hill and Hoffman   have noted that oblique 
incidence of deposition yields a more porous film which 
is highly sensitive to deposition conditions and suscepti- 
ble to adsorption effects.  They also have observed an 
angle of incidence dependence for SiO films where the 
stress changes from tensile to compressive at oblique 
angles.  The range in stress values at oblique angles 
(Figures 15-16) is attributed to the range in oxygen 
levels in the films. 
An additional contribution to the compressive 
stress measured in films deposited at oblique angles of 
incidence may be the decrease in the grain size of Al 
films as the substrate angle is increased.  This correla- 
- 22 - 
tion between grain size and internal stress has been 
29 
reported by Sun et al. 
Stress vs substrate angle data for 3000A Ni 
* 2 2 thin films deposited at 0.5 mA/cm  and 0.8 mA/cm  is 
plotted in Figures 17 and 18.  Again a maximum stress 
level is observed at 0  =15° followed by a large 
decrease in stress level at 0  = 45°.  The stress level 
s 
in Ni films is 5 times greater than Al films.  Although 
no attempt was made to measure the oxygen content in 
these films, a small percentage of oxygen may be present 
to account for the large change.  The stress does not 
change from tensile to compressive as with Al probably 
because of the lower free energy of oxide formation of 
Ni (25.8 k Joule mole  ).  When the substrate is lowered 
2.5 cm, the stress increases, as with aluminum.  The 
smaller grain size at 0  =45° may also contribute to the 
decrease in tensile stress. 
Figure 18 is a plot of stress vs. thickness for 
2 
Ni films deposited at a current density of 0.8 mA/cm  at 
6  =0°.  The stress increases to a maximum value of 
s 
8.0 x 10  dynes cm   at a thickness of 5300A.  This is 
consistent with the data published by Klockholm and 
Berry for evaporated Ni films. 
In order to determine if the decrease in ten- 
sile stress of these films at 0  = 45° is due entirely 
s J 
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to oxygen incorporation into the films, thin films of Au 
have been deposited at a number of different 8  values. 
Gold is chosen because it is not susceptible to oxidation 
at these operating parameters.  Close inspection of the 
curve in Figure 19 reveals that the apparent angle of 
incidenqe dependence for Au is a thickness dependence. 
The film thicknesses are noted above each data point. 
As previously discussed, the slight milling of the film 
by the primary beam impingement at 0  = 45° is responsi- 
ble for the thinner film.  In addition, the change in 
stress at increasing substrate angles may also be 
attributed to the corresponding decrease in grain size. 
Stress vs thickness data for the Ni-.A1 thin 
2 2 films deposited at 0.5 mA/cm  and 0.8 mA/cm  at 9  =0° 
is given in Figures 20 and 21.  A large stress is calcu- 
lated which decreases with increasing film thickness. 
In neither case does the stress level become thickness 
independent within the range of values tested, in con- 
trast to the Ni films which reached a plateau at 1800A. 
In addition to the intrinsic stress contribu- 
tions to the stress values described here, there is a 
thermal stress present induced into the film by substrate 
heating which can be calculated by: 
Sth = {af" as) AT Ef (5) 
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where af  and a  are the average coefficients of expansion 
for the film and substrate respectively, AT is the tem- 
perature of the substrate during film deposition minus the 
temperature during measurement, and E is Young's Modulus 
of the film.  Calculations indicate that for temperature 
rises shown in Figure 8 S. , is approximately 15% of .the 
Sj, tn 
total stress of films deposited at a current density of 
2 2 0.8 mA/cm  and 7% at 0.5 mA/cm .  These values have been 
neglected since the precision of the stress measurements 
is approximately 10%. 
A number of models of limited applicability have 
been proposed to explain various features of the observed 
intrinsic stress.  The wide variation in the experimental 
results, which are invariably limited in scope and infor- 
mation of the structural details of the film, have made it 
difficult to formulate an acceptable theory of the 
31 intrinsic stress.  Frank and van der Merwe   suggested 
that the intrinsic stress might be related to the accom- 
modation to lattice misfit between substrate and film by 
2 8 
an elastic strain.  Halliday et al   proposed that surface 
tension provides an important contribution to stress. 
32 Story and Hoffman   suggested that stress may be related 
to point defects and defect clusters in the film. 
33 Grigson and Dove   have observed that in the 
early growth of films, small isolated islands are approxi- 
- 25 - 
mately 40A in diameter.  As the film grows thicker these 
islands grow together until they merge.  At 60A thickness, 
these merged islands are single crystal and random in 
orientation.  They proposed that it is this recrystalliza- 
tion process which causes the observed stresses.  Finegan 
34 
and Hoffman   proposed that as the islands grow together 
the interatomic forces exerted across the gap produces an 
elastic relaxation in the grain boundaries toward each 
other.  A tensile stress developes because these islands 
are constrained to the substrate. 
30 Klockholm and Berry   suggested that a major 
contribution to intrinsic stress originates from the 
annealing and attendant shrinkage of disordered material 
buried behind the advancing surface of the growing film. 
The disordered material is imagined to have a structure 
and density lying between the two extremes represented by 
a perfect crystal and a highly defective supercooled 
liquid.  The shrinkage of the film into a more ordered 
state results in an isotropic tensile stress since 
shrinkage is inhibited by the substrate. 
CONCLUSION 
Thin films of Ni, Al, Ni_Al, and Au have been 
prepared by ion beam sputtering.  Several properties of 
the thin films have been evaluated as a function of target 
- 26 - 
material, ion beam current density, and the angle and dis- 
tance of the substrate from the target. 
From x-ray diffraction measurements, the Al thin 
films were observed to be highly oriented with the 111 
plane parallel to the surface of the substrate.  Ni-.A1 
films, deposited from a composite target of Ni and Al 
were found to have a composition of Al ^25.5 +1.0 atomic 
percent and Ni ^74.5 +1.0 atomic percent as determined by 
electron microprobe analysis.  From x-ray diffraction 
analysis, the Ni.,Al films were observed to be single 
phase, highly oriented with the 111 plane parallel to the 
surface of the substrate. 
The intrinsic stress was observed to increase 
with increasing thickness for Ni to a maximum level of 
9 -2        o 8x10  dynes cm  at 2000A thickness.  For Ni^Al films, 
the stress was observed to decrease with increasing thick- 
ness to 7.8 x 10  dynes cm   at 6000A thickness for films 
2 deposited at an ion beam current density of 0.5 mA/cm , 
and to 7.0 x 10  dynes cm"  at 9000A thickness for films 
2 deposited at 0.8 mA/cm .  As the substrate angle was 
increased, the Al films were found to become increasingly 
susceptible to oxidation with an associated decrease in 
tensile stress and the stress then transorming to com- 
pressive stress. 
Klockholm and Berry   suggested that a major 
contribution to the intrinsic stress (referred to as 
- 27 - 
growth stress) originates from the annealing and 
attendant shrinkage of disordered material buried behind 
the advancing surface of the growing film.  The shrinkage 
of the film into a more ordered state results in an iso- 
tropic stress.  This predicts that a stress x thickness vs 
thickness (St vs t) curve should be approximately linear 
in all cases where the above model is the dominant con- 
tribution to the total intrinsic stress.  The annealing 
rate of disordered material, r, is assumed to follow a 
simple Arrhenius relationship.  At low substrate tempera- 
tures such that r < R_ (Rf is the deposition rate), a 
large amount of disorder is buried behind the growing 
surface so that a large intrinsic stress is observed. 
St vs t curves for Ni^Al deposited at ion beam 
2 
current densities of 0.5 and 0.8 mA/cm  are given in 
Figures 23 and 24.  Both curves are linear in agreement 
with the above model indicating that the stress is iso- 
tropic throughout the film.  This is also true for Ni 
shown in Figure 25.  Experimental data indicates that the 
stress is at least isotropic in the plane of the substrate 
since the radius of curvature of the substrate is constant 
regardless of the direction of the laser scan across the 
wafer.  The Au curve in Figure 25 is not linear indi- 
cating that the stress may be anisotropic throughout each 
incremental layer of deposited film.  Therefore, r > R,. 
and a small amount of disorder is retained.  For a soft 
- 28 - 
material such as Au, the above growth stress model may 
not be valid and the interfacial stresses due to the 
substrate-filrri lattice mismatch as proposed by. Frank and 
31 
van der Merwe   may be the dominant contribution to the 
intrinsic stress. 
The deposition rate was determined to be a 
linear function of ion beam current density.  The grain 
size of the films, calculated by measuring the half- 
widths of line profiles of the x-ray diffraction peaks, 
was found to decrease with increasing substrate angle and 
to increase with higher ion beam current density.  For 
2 Al films deposited at 0.5 mA/cm , the grain size decreased 
from 650A5 at 9  =0° to 250A5 at 6  = 45°.  At a current 
s s 
density of 0.8 mA/cm  at 6  = 45°, a grain size of 300A 
was calculated. 
29 Sun et al   have proposed that gram size is 
the dominant factor determining the stress in a film. 
They observed that the compressive stress level q£  W 
films increased as the grain size decreased.  From the 
data in this present study, it was observed that the 
grain size decreases with increasing substrate angle, and 
therefore the increase in the compressive stress level of 
Au films at oblique substrate angles may be associated 
with the small grain size.  For Al films, there is an 
observed decrease in the tensile stress followed by an 
- 29 
increase in compressive stress levels at oblique angles 
of deposition.  For Ni films, only the decrease in tensile 
stress is observed.  From this data it appears that a 
decrease in grain size may be associated with a decrease 
in tensile stress and an increase in compressive stress. 
The electrical resistivity was found to increase 
with increasing substrate angle.  This was attributed to 
increased grain boundary scattering from the smaller 
grain size of the films, and to increased oxidation of the 
Al films.  There was no correlation found between elec- 
trical resistivity and stress levels. 
The ion beam sputtering technique offers several 
advantages over conventional sputtering systems.  This 
technique operates at a lower pressure and substrate 
temperature than conventional sputtering.  In addition, 
the angle of deposition which is easily varied with ion 
beam sputtering is essentially fixed in conventional 
sputtering.  As a result of these advantages, many of the 
parameters which effect film stress, resistivity, and 
grain size can be varied independently. 
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TABLE   II 
Deposition Rate 
(A/min) 
Material 2 0.5 mA/cm 2 0.8 mA/cm 
Al 70 100 
Ni 55 80 
Ni3Al 50 90 
Au 130 
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TABLE III 
Electrical Resistivity 
(y ohm-cm) 
Material 0. .5 mA/cm 0.8 mA/cm 
Al e = 0° s 20 15 
Al 9 = 45° 
s 140 35 
Ni 6 = 0° 
s 25 25 
Ni0Al 6 = 0° 3    S 110 100 
Au e = o° 
s 
12 - 
Au 6 = 45° 
s 15 .. - 
Bulk (Ref. 15) 
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